The wave propagation, sound field, and transmission beam pattern of a pygmy sperm whale (Kogia breviceps) were investigated in both the horizontal and vertical planes. Results suggested that the signals obtained at both planes were similarly characterized with a high peak frequency and a relatively narrow bandwidth, close to the ones recorded from live animals. The sound beam measured outside the head in the vertical plane was narrower than that of the horizontal one. Cases with different combinations of air-filled structures in both planes were used to study the respective roles in controlling wave propagation and beam formation. The wave propagations and beam patterns in the horizontal and vertical planes elucidated the important reflection effect of the spermaceti and vocal chambers on sound waves, which was highly significant in forming intensive forward sound beams. The air-filled structures, the forehead soft tissues and skull structures formed wave guides in these two planes for emitted sounds to propagate forward.
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I. INTRODUCTION
Odontocetes, inhabiting coastal waters, deep ocean, and freshwater environments, have a high reputation for their capability to echolocate. Sound is one of the most important modalities to probe their environment [1] [2] [3] Sounds emitted by odontocetes for echolocation have many types, including narrowband clicks, [4] [5] [6] [7] [8] broadband clicks, [9] [10] [11] and low frequency clicks by some large species. 12, 13 Animals use sounds to form highly directional beams to echolocate. 1, 2 Beam studies conducted on many species either from simulations or experiments revealed important information. [14] [15] [16] [17] [18] [19] [20] [21] However, few were conducted on the pygmy sperm whale, mainly from morphology perspectives. [22] [23] [24] [25] [26] [27] The pygmy sperm whale (Kogia breviceps), has a larger head than those of bottlenose dolphins (Tursiops truncatus) and the IndoPacific humpback dolphin (Sousa chinensis), and K. breviceps was reported to produce narrowband and high frequency clicks, with peak frequencies ranging from 60 to 160 kHz. 6, 7 The high frequency clicks, with faster attenuation than low frequency clicks, hinder long range echolocation, and seem to be a disadvantage for pygmy sperm whales, which forage in deep waters. 22, 23 More interestingly, the head of the pygmy sperm whale was much bigger than those of small odontocetes, e.g., the finless porpoise (Neophocaena phocaenoides), but the pygmy sperm whale produced clicks with dominant frequencies similar to those of the finless porpoise, more than 120 kHz. A study by Au et al. demonstrated that the ratio between the transmitting aperture and the dominant wavelength of clicks produced by odontocetes has a stable linear relationship to their respective beamwidth. 19 For example, small species, like the finless porpoise, produce high frequency clicks, while physeterids, which own the largest head and transmitting aperture among odontocetes, emit clicks with dominant frequencies as low as 20 kHz. 12, 13 Thus it would be meaningful to investigate the formation of highfrequency sound beams through the head of the pygmy sperm whale, which owns a relatively large head among odontocetes but produce high frequency clicks.
Pygmy sperm whale beam formation studies could deepen our understanding of its biosonar system. Although the sound propagation of this species has been proposed and discussed in previous studies by interpreting the species' lipid topography and morphology, [24] [25] [26] [27] no direct study has been conducted to verify the proposals. The sounds produced at the source were proposed to be divided into two parts. The main part propagated along the spermaceti organ to the melon for further modulation before passing into the water.
The remaining portion of the acoustic energy would be directed laterally to the vocal cap and reflected by the vocal chamber. These hypotheses were supported in part by a subsequent study by Song et al., through the reconstruction of the acoustic property distributions of a pygmy sperm whale forehead. 27 The results suggested that the sounds generated at the phonic lips would propagate into the spermaceti organ. These sounds would likely be reflected by air-filled structures, soft tissues, and the skull before forming sound beams. However, the proposals need verification and importantly, the detailed roles of the mentioned structures in the species' beam formation should also be investigated. The respective roles of the acoustic structures in forming sound beams were investigated in beam simulation studies on the bottlenose dolphin (T. truncatus), 14 the Chinese river dolphin (Lipotes vexillifer), 15, 16 and Cuvier's beaked whale (Ziphius cavirostris). 17 Previous studies on beam measurements of the false killer whale (Pseudorca crassidens), 18 and the harbor porpoise (Phocoena phocoena) 19 revealed the properties of sound beams during echolocation. It would be meaningful to address whether the acoustic structures in the pygmy sperm whale have similar functions regarding beam formation to those in other odontocetes and whether the sound propagation inside the head and beam formation outside the head accords with proposals. Here, a numerical study was presented as an extension of our previous study on sound speed and density measurements of a pygmy sperm whale. 27 The trials were made to reveal the sound propagation and beam formation processes of the species.
II. MATERIALS AND METHODS
The computational head models were based on the computational tomography (CT) scanning results of a stranded female pygmy sperm whale and the details could be found in a previous work, 27 in which CT scanning was combined with physical measurements to reconstruct the density and sound speed distributions of the whale's head. In this way, the head was reconstructed in three dimensions, shown in Fig. 1(a) . The axis (XZ) and sagittal (YZ) sections of the head were extracted, shown in Fig. 1 (b) and 1(c), respectively, where the internal structures of the head were given. Figures 1(d) and 1(e) give how head models in these two sections are meshed, where the mesh resolutions are reduced by 100 times compared to computation mesh resolutions. Also, sound speed and density distributions in the chosen axial and sagittal sections were reconstructed, shown in Fig.  2(a) and Fig. 2(b) , respectively. Based on these preliminary results, we combined the axial [ Fig. 1(b) ] and sagittal [ Fig.  1(c) ] head models with their sound speed and density data for numerical simulation to study the species' beam formation in the horizontal and vertical planes. The XZ and YZ sections mentioned above corresponded to the horizontal and vertical planes, respectively. To reinforce the validity of our models, previous morphology studies on the pygmy sperm whale were also referenced here. [24] [25] [26] The structure and tissue partitions strictly followed CT scanning results, and the reconstructed sound speed and density values were assigned into these respective regions accordingly. For water, skull structures, and air components, the sound speed and density values were referenced to previous studies, 15, 16 , respectively. The current work also considers the solid property of skull structures and allows for the compressional as well as the shear waves to be triggered in solid skull structures, and the speed of the shear waves was set as 2100 m/s. 16 The bone structures were important in forming highly directed acoustic beams by serving as an interfacial wave generator and sound reflector. 16 The beam formation was investigated in the transient time domain and the whole computing area was a circular region with a 1.6 m radius. In following these settings, several cases were developed to investigate the roles of the air components in beam formation.
We then applied a finite element method to investigate how sound waves propagated inside and outside the pygmy sperm whale head, and the characteristics of the sound beams in the two studied sections. Using COMSOL Multiphysics software (Stockholm, Sweden), the finite element method was presented to compute the volume deformations in fluid media, and volume and shear deformations in solid media. The wave propagation theory and corresponding formulas of sound propagation in fluid and solid media can be found in our previous studies, 15, 16 which also contained the boundary and mesh settings. The meshing satisfied the requirement of at least 10 elements per wavelength in all computing media. The sound source of K. breviceps was considered to be the phonic lips, a site located at the lateral end of the whale's spermaceti organ and bounded laterally by a collagenous "vocal cap." [24] [25] [26] In our head model of the horizontal plane, the sound source was placed at the phonic lip site. While for the head model of the vertical plane, the sound source was placed in front of the nasal passage within the waveguide formed by the spermaceti chamber, shown in Fig. 1(c) . Strictly speaking, this sound source could be regarded as a "fake" one in comparison to that of the horizontal plane. But the chosen horizontal plane was within the plane's main propagation path and at the rear part of the forehead, where the sound just began to propagate forward in this plane. Therefore, it is reasonable to set a source at the chosen location when investigating the beam formation in the horizontal plane. In this paper, as stated above, the aim was to investigate how emitted sounds propagated and how beams formed in the two planes. If we focused on how sound beams were formed in the vertical plane and how different structures, e.g., skull structures, air components and soft tissues, adjust sound propagation in this plane, the source setting in the vertical plane could be used. In the transient time domain computation, a short-duration pulse with a broadband frequency characteristic, shown in formula (1) was put at respective source locations of the two head models 20 as sound source excitation:
where A 0 and A 1 are pulse amplitudes, and f 0 is peak frequency of the signal, a 0 , a 1 , and a 2 are the attenuation parameters to control the bandwidth of the pulse, t 0 quantitatively expresses the time from signal onset to peak amplitude, t end is the terminal time of the signal and describes time from the signal peak amplitude to the end, and t is time.
In the transient time domain computation, the f 0 was set as 125 kHz while t 0 , t 1 , and t end were ð1=f 0 Þ Â 8, ð1=f 0 Þ Â 17, and ð1=f 0 Þ Â 32, respectively. The À3 dB bandwidth of the original source pulse was 9.6 kHz. The pulse parameters, including peak frequency and time, were referenced from previous signal studies on pygmy sperm whales. 6, 7, 22 And the normalized pulse amplitudes A0 and A1 were both given as 1. The attenuation coefficients a 0 , a 1 , and a 2 were set as 36 000, À32 000, and 32 000, respectively. When setting the parameters, we let the source signal have a similar peak frequency and bandwidth to those of real data. 6, 7, 22 A typical signal recorded from real pygmy sperm whales by Madsen et al., 6 was given in Fig. 3 , in which the source signal we used in the current simulation was also given for comparison. Their time series were shown in Figs. 3(a) and 3(b) , respectively, while their frequency characteristics were given in Figs. 3(c) and 3(d) .
In later simulations, we compared different cases to investigate the role of air components in the species' wave propagation and sound beam formation in both planes. In the horizontal plane, four cases were set and compared. Case I included the full set of the internal air structures, including the vocal chamber and spermaceti chamber. The internal air crypts (IAC) were regarded as part of the vocal chamber to simplify the analysis. In case II and case III, the spermaceti organ (SO) chamber and vocal chamber were removed and replaced by surrounding tissues, respectively. In case IV, both the SO and vocal chambers were removed and replaced by tissues. The same procedure was repeated in the vertical plane, and only two cases were created, where case I gave the appearance of air components, including the nasal passage and dorsal air sac, while in case II, these air components were removed and replaced by surrounding tissues.
III. RESULTS
The unidirectional pulse source was excited in the sound source, leading to wave propagations in the head's horizontal plane, shown in Fig. 4 . The snapshots were taken at six successive times: (a) t ¼ 32 ls, (b) t ¼ 150 ls (c) t ¼ 350 ls, (d) t ¼ 600 ls, (e) t ¼ 750 ls, and (f) t ¼ 950 ls. After sounds were emitted, their main energy traveled forward along the spermaceti organ, reaching the melon before forming sound beams and exiting the head. The spermaceti chamber and conterminous tissues formed a sound wave guide for these sounds to propagate along. A fraction of sounds, which initially traveled backward, was reflected by the vocal chamber and cap [Figs. 4(c) and 4(d)]. Clearly, the sound propagations were confined by the spermaceti chamber within a narrow wave guide and then spread into a wider melon region. The sounds did not form a main beam when initially traveling outside the head. The sound waves into the frequency domain to compute their corresponding peak frequencies and À3 dB bandwidths, (Fig. 5) . Signals received at point E had the highest sound pressure among these points, followed by points D and C. These three points were located just in front of the melon, indicating the sound energy mainly propagated directly forward into the water. The peak frequency of the signals ranged from 129.3 to 134.7 kHz and the À3 dB bandwidth had a range from 11.1 to 15.1 kHz. The signals with a clear envelope were similar to those recorded from live pygmy sperm whales. 6, 7, 22 Compared to the original source pulse signal, with a peak frequency of 125 kHz and bandwidth of 9.6 kHz, the shifts in the signals' peak frequency and corresponding bandwidth were evident.
In previous studies, roles of the vocal cap and air chambers were discussed but mainly from morphological perspectives. Here, we investigated their roles in controlling sound wave propagations inside the head and beam formation outside the head (Figs. 6 and 7) . The sound propagations at the first three snapshots of case I (Fig. 3) respectively. Case II suggested that the removal of the spermaceti chamber dispersed the sounds. The waves propagated in different directions, some of which traveled backward to interact with the skull structures. The sounds reflected forward by the skull traveled in a less organized way than those of case I. Also, the sound energy propagated laterally without the confinement of the spermaceti chamber. In case III, the sound waves transmitted by the source had mainly two parts, with one guided by the spermaceti chamber to propagate forward, similar to case I. The rest were allowed to travel laterally, which was clearly caused by the absence of the vocal chamber. In case IV, the lack of the spermaceti chamber and vocal chambers led to a more dispersive sound field. The sounds were initially transmitted omnidirectionally [ Fig. 6(g) ] and subsequently spread into all directions. The sound energy was almost directed omnidirectionally when leaving the head, though the sound pressures in the forward and lateral right directions were higher than in the other directions. These cases in general described how wave propagations were influenced by the chambers. The air-filled structures had important roles in modulating the sounds forward to form sound beams in the horizontal plane.
We further extended the study into beam patterns of the cases in the horizontal plane to investigate how air-filled structures influenced sound beams outside the head. Figure 7 gave the beam patterns of four cases in the horizontal plane. The sound pressure data were extracted 0.8 m away from the head boundary to calculate their beam patterns. In case I [ Fig. 7(a) ], the full set of chambers led to intensive beams, directed forward. The sound pressure was initially normalized and then transformed into the logarithm domain to calculate the corresponding sound pressure level, expressed in decibels (dB). Therefore the highest sound pressure was 0 dB. When the sound pressure level decreased by 3 dB in points A and B in Fig. 11(a) , the À3 dB width of the main beam was calculated by obtaining the angle difference between A and B as 14.0 . In case I, its main beam had many concave and convex shapes and the side beams had sound pressure levels much lower than the main beam, shown in Fig. 7(a) . When the spermaceti chamber and vocal chamber were removed either solely or in union, the sound energy would spread backward and laterally. Figs. 3 and 6 , respectively. The air chambers proved their importance in confining energy into intensive sound beams directed forward. The removal of the air-filled chambers could lead to severe sound scattering and the absence of focused sound beam formation. In these cases, the displacements in the solid skull structures were also developed and differed among the cases but detailed investigations were not given here.
The same source excitation used in the horizontal plane was used to study the wave propagation in the vertical plane (Fig. 8) Figs. 8(a) and 8(b) , it seemed that the air components, the nasal passage and dorsal air sac, and the skull structures formed a wave guide for the sounds to travel forward along the melon. The sounds were reflected by the air components and skull structures. Also, in solid skull structures, the solid displacements were induced. The sound field shown in Fig. 9 suggested that out of the reception points A, B, C, D, E, F, O, N, M, P, and Q, only six had a clear envelope structure, which were also analyzed in the frequency domain and their acoustic parameters can be seen in Fig. 9 . Point M, located 0.8 m away from the head, was within the main beam domain and had the highest sound pressure amplitude among the points O, N, M, P, and Q. Points O, N, Q, and P were À10 , À5 10 , and 5 away from M, respectively. The signals were similar to the previously recorded ones as well. In case II, we removed the air components in the forehead and the corresponding results in Figs. 10(a) , 10(b), and 10(c) indicated that the acoustic energy traveling in caudal, dorsal directions was stronger than that in Fig. 8 . In summary, the air components in the vertical plane were meaningful in preventing the sounds from scattering and confining the sounds to mainly propagate forward. This again confirmed the importance of air structures in forming highly directed sound beams for the species.
In the vertical plane, the À3 dB width of the main beam (case I) was 3.1
[ Fig. 10(c) ]. In case II, the removal of air components resulted in the propagation of acoustic energy into other directions, especially dorsal [ Fig. 10(d) ], and the sound field was more diffusive than that of case I. This suggested that in the vertical plane, the air-filled structures were also important in controlling wave propagations inside the head and forming efficient sound beams outside the head.
IV. DISCUSSIONS AND CONCLUSIONS
The pygmy sperm whale has been thought to have an air driving phonation mechanism similar to that of other odontocetes. 20 The clicks were thought to be generated by the phonic lips and guided by the spermaceti organ into the melon. 20, 24, 25 The results here clearly supported this proposal. In previous studies, the guidance of the spermaceti chamber on sounds was thought to be fulfilled by the lower sound speed through the spermaceti organ than that through the surrounding connective tissues. 24, 25 In the current work, the sound speed and density of the spermaceti organ were in fact lower than those of the peripheral tissues (Fig. 2) , consistent with previous studies. 24 But the details shown in Figs. 4 and 6 suggest that the spermaceti chamber was the primary cause of guiding the sound waves within the conical spermaceti organ to the melon, rather than the spermaceti organ itself. The wave propagations were strongly influenced by the chamber, without which the wave guide effect of the spermaceti organ disappeared and sounds were scattered. This might be caused by the prodigious acoustic impedance difference between the spermaceti chamber and the organ. The spermaceti chamber is an air-filled structure. The reflection coefficient between the spermaceti organ and air was estimated to be 0.68 in our previous study, 27 implying that acoustic energy transmitted from the spermaceti organ to its surrounding chamber would mostly be reflected back and confined to the organ, forming a wave guide.
When the vocal chamber was removed, the wave propagations in Figs. 6(d), 6(e), and 6(f) mainly had two parts, with one directed along the spermaceti organ to the melon and the other passing through the vocal cap to leave the head, forming strong beams propagating out of the right side of the head. The comparisons across cases I and II, which included the vocal chamber, and cases III and IV, which lacked a vocal chamber, elucidated that the air-filled structures, including the vocal chamber and the internal air crypts, also functioned as sound reflectors, preventing the sounds from propagating laterally. Regarding the vocal cap, which is connected to the facial muscles via trabeculae, it was hypothesized that it could dynamically change the direction of sounds radiated from the phonic lips. 24, 25 The position of the vocal cap within the vocal chamber may change upon contraction of the aforementioned facial muscles. Correspondingly, the transmission pathway of sounds might be adjusted if the position of the vocal cap relative to the phonic lips is altered by the contraction of these muscles. Additional facial muscles insert into the phonic lips and melon, while the spermaceti organ is surrounded by a thin layer of muscle. 25 The contraction of any of these muscles could influence the shape of these echolocation structures, which may have an effect on sound modulation and propagation. This study utilized the acoustic models and investigated the spatial relationships between soft and hard tissue structures in the pygmy sperm whale. The corresponding effect of tuning the echolocation system via muscular action on the propagation of sounds through these tissues needs further study.
Acoustic structures which play roles in odontocetes' beam formation also include soft tissues and skull structures. Only the air-filled structures are investigated here. The results showed that air-filled structures within the pygmy sperm whale, as strong sound reflectors, could permit the animal to form efficient sound beams. Similar conclusions were reached in previous studies on the Chinese river dolphin (baiji, L. vexillifer) 15, 16 and common dolphin (Delphinus delphis).
21 Air-sacs in the baiji and common dolphin were also found to act as boundaries to reflect the sound wave and prevent the sounds from propagating omnidirectionally. The large acoustic impedance difference between the air and soft tissue was responsible for the strong reflection effect. The nasal system of the pygmy sperm whale was asymmetric, different from the relatively symmetric systems found within the baiji and common dolphin. The pygmy sperm whale has a vocal chamber and a spermaceti chamber to form a wave guide to lead emitted sounds into the melon region. However, these structures are not found in the baiji or common dolphin; these species possess two relatively symmetric nasal passages to confine sounds to a limited scope. Further investigation could be conducted to compare the contributions of the air-filled structures to beam formation among these species. The nasal systems of dolphins and porpoises contain three pairs of air sacs: the vestibular sac, nasofrontal sac, and premaxillary sac, the latter of which lies on top of the premaxillary bones. These sacs and skull structures have all been proven to play important roles in beam formation. These air sacs may aid the animal in recycling air for respiration at depth, especially the pygmy sperm whale, which is capable of extremely deep dives. The air-filled structures might also play roles in recycling air used for phonation while the animal is at depth. 25, 26 They could be used as air reservoirs to balance the pressure between the inside and outside of the animal's body during the ascent from dives. From this perspective, the air-filled structures might be more helpful for the pygmy sperm whale than dolphins and porpoises, which inhabit shallow waters and do not routinely dive to deep depths. The recycling of the air might also influence the production and acoustic properties of the signals.
The peak frequency of the source pulse was 125 kHz and its À3 dB width was 9.6 kHz. Our results show that the simulated signals we extracted at the main axis of sound propagation, 0.8 m away from the head boundary, are very similar to those recorded from live pygmy sperm whales, 6 shown in Fig. 11 . The comparisons were made among the signal reported in a previous study and the simulated signals at point M from XZ plane and point M from YZ section, shown in Fig. 11 . The peak frequency of the signals emitted by the real pygmy sperm whale was 130 6 0.7 kHz, with a À3 dB bandwidth of 8 6 2.3 kHz. 6 The peak frequencies of the signals in Figs. 11(b) and 11(c), which were 129.3 and 130.3 kHz, respectively, were close to the signals recorded. 6 However, the bandwidths of the signals shown in Figs. 11(e) and 11(f), 13.0 and 12.8 kHz, greater than the signals recorded. The difference could originate from many ways. The signals from simulation results were extracted just 0.8 m away from the head. In real recordings, the distance was not a fixed parameter. It needs further studies to investigate.
Also the simulated signals obtained at both of the planes outside the head have a shift in the frequency domain compared with the source excitation. The signals with a clear envelope at different receptions all have peak frequencies higher than 125 kHz and À3 dB widths wider than 9.6 kHz. The highest peak frequency and À3 dB shifts for these signals could reach nearly 10 and 8 kHz, respectively. This was true even for the signals we obtained on the forehead reception points, E in Fig. 5 and E in Fig. 9 , of which the positions were in the main acoustic energy transmission paths of the horizontal and vertical sections. The propagation of the source signal through the head structures is responsible for transforming the signal. After sounds were emitted at the source, they would be reflected or refracted when interacting with tissue boundaries and skull boundaries, leading to multiple sound propagation paths. The assembly of the reflections and refractions might be a major reason for the signal transformation outside the head. The shift in signal frequency revealed here was much smaller than the peak frequency range of pygmy sperm whales. The peak frequency of clicks emitted by odontocetes can vary over a large range, reaching dozens of kilohertz, including the pygmy sperm whales. 1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Therefore, the frequency shifts in their signals' peak frequency investigated here might not bring influential results. The emitted signals are used for prey, target detection, and navigation. And the signals echoed from the targets or environment in the above missions could be severely transformed in both time and frequency domains. The odontocetes depend on their reception systems to process the echoes and select the meaningful information. [28] [29] [30] The animal's head could be a complex "filter" so that some frequency components would be enhanced but other frequency components would be suppressed. It is difficult to use a fixed frequency parameter to describe their time-variant waveform. The signal shifts caused by the tissue structures in the head may be managed in the reception process, but this needs further investigation.
The signals obtained in the horizontal and vertical planes were similar but the beam patterns shown in Figs , respectively, with a difference of 10.9 . The beam width difference between the two planes was much higher than those recorded from other species: 0 of harbor porpoises, 19 0.5 of bottlenose dolphins, 30 3.5 of killer whales (Pseudorca crassidens), 18 and 0 of beluga (Delphinapterus leucas). 31 The beam measurements have never been conducted on the species studied here and future investigation is necessary. However, there may be some clues to explain the À3 dB beam width difference between the vertical and horizontal planes. The reflection roles of the air components and skull structures in beam formation have been demonstrated in many species. [14] [15] [16] In the horizontal plane, there are no reflecting structures to confine the sound waves within certain paths once the sounds have propagated into the rostral half of the melon, where sounds can form relatively wide beams (Fig. 4) . In comparison, in the vertical plane, after sounds were emitted, the dorsal air sac and ventral skull structures served as strong reflecting structures to initiate the forward propagation of the sound waves (Fig. 8) . The skull structures continued to reflect the waves until they exit the head. The differences may also relate to the sound speed and density profiles of the planes.
This study investigated the sound wave propagations inside and outside of the head of pygmy sperm whales in the horizontal and vertical planes. The results indicated the importance of air-filled structures in controlling wave propagations and beam formation in the species.
